As one of typical blanket concepts for Chinese Fusion Engineering T est Reactor (CFET R), a conceptual structure of helium cooled solid breeder (HCSB) blanket was designed by UST C. Considering that electromagnetic load is one of the main concerns for the blanket module, a FEM (finite element method) model of the HCSB is developed and the electromagnetic analysis of the blanket module is implemented using a finite element analysis (FEA) software called MAXWELL. For transient electromagnetic analysis with the v ertical displacement event (VDE), a more accurate model where the plasma described by 69 filaments is adopted and the whole 15 blankets lying in a toroidal-radial section are explored. The research of ferromagnetic effect of RAFM steel is carried out and the magnetic field, induced eddy currents, magnetic force are computed and analyzed. T he analysis results show that ferromagnetic effect broadened the range of magnetic field of the model and strengthened eddy current effects. In addition, the maximum value of the eddy current density is 71.2 MA/m 2 and the maximum magnitude of the electromagnetic forces is 1409.0kN under the ferromagnetic effect.
INTRODUCTION

CFETR (Chinese Fusion Engineering Test Reactor) is being designed as a transition device between the
International Thermonuclear Experimental Reactor (ITER) and future fusion demonstration (DEMO) reactor. As one of the tritium breeding blanket candidates for CFETR, a HCSB(Helium Cooled Solid Blanket) blanket scheme with the pebble form was designed conceptually by University of Science and Technology of China [1] .
As one of the most technically challenging components for the CFETR, the blanket system is subjected to various loads during operation, and the electromagnetic (EM) forces caused by the magnetic field is one of most crucial loads [2] .
When plasma events such as the main disruption (MD), vertical displacement event (VDE), or edge-localized modes (ELM) occur in the Tokomak system, eddy currents occurs due to the variation of magnetic field inside the conductive material and additional EM forces called Lorentz forces are introduced. Meanwhile, the effect of the magnetization of ferromagnetic material also generate EM forces called Maxwell forces and produce a large EM load to blanket modules. Therefore, EM analysis of HCSB under plasma events is very important for the safety of HCSB and should be paid much attention to. So far, the researches on the EM analysis under steady state and transient events have been conducted by many investigators using different methods. The EM loads of the Helium Cooled Pebble Bed (HCPB) under normal operation and MD event was investigated by using ANSYS Emag by Lee et al. [3] . And EM analysis on Korean Helium Cooled Reflector (HCCR) during MD was researched by Lee et al. [4] [5] . Jin et al. develop a finite element model (FEM) to study the EM performance of CFETR HCSB under steady state and MD by using MAXWLL [6] . However, many previous works reported the EM loads distribution only during plasma MD, while the EM performance of HCSB under VDE event has not been researched yet. The behavior and value of the eddy currents and EM forces inside the blanket modules will be significant influenced by the plasma movement.
In this paper, a FEM model where the plasma are described by 69 filaments is established using MAXWELL, to study the magnetic field, induced eddy current, EM forces and the effects of magnetization of ferromagnetic material under VDE event. Since the process of halo current is extremely complicated and the EM load caused by the halo current is minor compared with the induced eddy current [7] , the halo current is not be considered in this paper. According to the ITER classifications of load specifications, when considering only vacuum chamber components, there are six categories of major plasma event that must be considered [8] . An upward VDE followed by a thermal quench and by a linear current quench (LCQ) of 40ms duration (UPVDE40msLCQ) is assumed following the ITER assumptions. The research of ferromagnetic effects of RAFM steel is carried out FIP/P7-27 and the magnetic field, induced eddy currents, magnetic force of HCSB are computed and analyzed, which will provide important reference to the safety of HCSB in the future.
MODELS AND MATERIALS
The magnetic system is one of the most important components of the Tokomak fusion reactor and mainly includes: TF (toroidal field coils), PF (poloidal field coils), CS (central solenoid coils) and CC (compensation field coils). Since the CC coil is used to complement the magnetic field caused by magnet installation and it can be completely ignored in our model, 16TF coils, 8PF coils and 6CS coils are built in the model [9] . The geometry and current parameters of the CS and PF coils are taken from Ref. [6] . The plasma current is in the form of current filaments in various plasma numerical simulation software. And in previous research, the number of current filaments, which is assumed to simulate plasma, varies in different simulations of different devices, 60 current filaments are assumed in the simulation of DIII-D, and 31 current filaments are assumed in the simulation of EAST. The more current filaments, the more accurate the simulation results, but the simulation process is more complex. Considering these factors, 69 current filaments are selected to simulate the plasma under UPVDE40msLCQ, and each current filament has a rectangular cross section.
Corresponding to the 16 TF coils of the CFETR, the blanket system is divided into 32 sectors in the toroidal direction, each including 7 inboard blankets and 8 outboard blankets (Fig.1) [10] . The analysis focuses on 15 blanket modules within a sector due to the whole blankets in a single toroidal sector are affected under the VDE event. Considering the influence of surrounding ferromagnetic material on the research sector, another 30 blankets around the research sector and the vacuum vessel made of Eurofer97 are established. These blankets are simplified as a whole part to reduce the number of the mesh. And the outboard blanket located at the equatorial plane is considered to be the typical blanket for suffering the serious loads. The model including magnetic system and blanket system is shown in Fig.2 . The coordinate system is defined as follows: The origin is defined at the center of the magnetic system and the radial axis (x) passes through the center of the typical blanket in a direction away from the plasma. The toroidal axis (y) lies in middle plane of the magnetic system and passes through the plasma, while the plasma rotation axis is defined as the poloidal axis (z). (Fig.1) . The material of all components except W armor and breeding units is Eurofer97 and the material of the W armor is tungsten. The proportion of each material in the blanket, the properties of each material, and the folding properties of the reduced blanket material are shown in Table 1 [11] [12] . The conductivity and relative permeability of these material are based on the assumption that the average temperature of the blanket is 700K. And the conductivity of Be is multiplied by 0.8 due to the packing factor is assumed to be 0.8 [13] . Since the magnetization of Eurofer97 gets saturated when the magnetic field is greater than 500kA/m [14] and the minimum value of the magnetic field around poloidalradial blanket modules calculated in section 3.2 is significantly greater than 500kA/m, the saturation magnetization of the steel is applied in the analysis instead of B-H curve.
ELECTROMAGNETIC ANALYSIS FOR NON-FERROMAGNETIC MATERIAL
In order to investigate the effects of magnetization of ferromagnetic material on the blankets under UPVDE40msLCQ event, both cases with non-ferromagnetic material and ferromagnetic material are adopted respectively to calculate the magnetic field, induced eddy currents and EM forces on the blankets. The magnetization effects of ferromagnetic material can be assessed by comparing the Lorentz forces and Maxwell forces acquired in Sections 3 and 4.
Excitations and boundaries
According to the previous simulation of ITER under UPVDE40msLCQ [15] , the plasma firstly moves in the vertical direction for several hundreds of milliseconds with the value of plasma current unchanged, and then the plasma disruption occurs for 40ms, the value of plasma current and the vertical position of the plasma are constantly changing during this period. It is reasonable to consider only the last 40ms after plasma disruption and ignore the lengthy drift process before it according to the research. Therefore, the shape and value of plasma current change with time in the last 40ms under UPVDE40msLCQ are applied in MAXWELL by using the script language. The value of the whole plasma current filaments changing with time is shown in Fig.2 . The values and shape of plasma current filaments at 0ms, 2ms, 5ms, 15ms, 25ms, and 39ms under UPVDE40msLCQ is shown in Fig.3 . At all times, the value of plasma current is uniformly applied to each current filaments. Each TF, PF and CS coil is considered as a turn of coil and the currents are added through the cross section of the coil. The values of PF, CS and TF currents, which is shown in Table. 3, do not significantly change during the disruption and the adopted current of the TF coils is 9100kA [6] . analysis  FIG. 4 . The values and shape of plasma current filaments at 0ms, 2ms, 5ms, 15ms, 25ms, 39ms.
FIG. 3. Plasma current implemented in the EM
In order to figure out the effect of non-ferromagnetic material, the relative permeability of the reduced blankets are set to be 1 to eliminate the magnetization effect. "Magnetic Transient" is set as the solution type in the FEM software called MAXWELL. The parameters of forces applied to the poloidal-radial blanket modules are set as eddy effect volume in order to take into account the effect of eddy currents. The solving time cover the entire UPVDE40msLCQ event, including 40ms under the event and 10ms after the event. The distribution of the magnetic field inside the poloidal-radial blanket modules is shown in Fig.5 . The time point of 40ms is selected as a typical representative of the UPVDE40msLCQ event for the maximum EM forces occur at this time. The magnetic field (H) ranges from 2667 to 7027kA/m at 40ms and the direction is in the toroidal direction. The maximum H in the poloidal-radial blanket modules ranges from 6953 to 7173kA/m over time. The percentage of the maximum H change is 3.1% showing that the variation of the value and shape of plasma has little influence on the magnetic field. The distribution of the magnetic induction value (B) in the poloidal-radial blanket modules is shown in Fig.6 . The B ranges from 3.35 to 8.83T at 40ms and the direction is substantially the same as H. Fig.7 shows the distribution of induced eddy current running in the chaotic direction in the poloidal-radial blanket modules at 40ms and the maximum current density is The distribution of induced eddy current in the typical blanket at 40ms is shown in Fig.8 and the eddy current mainly runs in the toroidal-poloidal and toroidal-radial direction, and the maximum value of induced eddy current in the typical blanket is 6 
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A/m 2 . The maximum magnitude of eddy currents in the typical blanket takes place the side near the plasma. Compare with the distribution of eddy currents in the typical blanket under the plasma main disruption [6] , the change of the shape of plasma mainly introduce the eddy currents running in the toroidal-poloidal direction. The No. 8 blanket receives the largest EM force under the event, which is 714kN, and the maximum EM force of the typical blanket is 247kN. Compare with the maximum EM force under the plasma main disruption [6] , the maximum EM force of the typical blanket is significant larger due to the change of the direction of the eddy currents. Since the direction of the eddy currents under the main disruption is mainly running in the toroidalradial direction and the direction of B is in the toroidal direction, the Lorentz forces are mostly in the opposite direction, which lead to the magnitude of resultant EM force is small. Figure.10 shows the magnitude of the EM force components along the coordinate axis at 40ms, and positive or negative refers to the direction of the forces relative to the coordinate system. Since the radial forces and the poloidal forces generated by induced eddy current have two parts in opposite directions respectively, and part of the toroidal forces is retained, the toroidal forces is greater than the others in the non-ferromagnetic condition under the UPVDE40msLCQ.
ELECTROMAGNETIC ANALYSIS FOR FERROMAGNETIC MATERIAL
For ferromagnetic materials, it is necessary to consider not only the Lorentz force introduced due to the change of the magnetic field, but also the Maxwell force generated by ferromagnetism. The effect of magnetization of ferromagnetic material happens even when there is no plasma change. In this section, the EM forces and fields of the poloidal-radial blanket modules in the ferromagnetic condition is computed and analyzed under UPVDE40msLCQ.
Excitations and boundaries
The actual relative permeability of the folding blanket material is implemented in the model and the Maxwell solution type is set as "Magnetic Transient". Although Maxwell uses adaptive mesh partition method in the static analysis, in the transient model, manually meshing the geometry is necessary in order to ensure the accuracy. While at the UPVDE condition, all the excitations and the boundaries are set to be the same as Section 3 except for the actual relative permeability of the reduced blanket applied. 11 shows H field in the poloidal-radial blanket modules ranges from 2563 to 6831kA/m under UPVDE condition at 40ms. The distribution of magnetic field is very similar to that in Section 3. The maximum H in the poloidal-radial blanket modules ranges from 6770 to 7005kA/m over time and the percentage of the maximum H variation is 3.4%, indicating that the magnetization of ferromagnetic material can broaden the value of H but has little effect on the direction of H. The distribution of B is shown in Fig.12 . The B ranges from 4.07 to 10.66T at 40ms and the direction is almost the same as H. Both the H and B field's range is significantly broader than those with non-ferromagnetic material in Section 3. It could be summarized that the magnetization effect broaden the range of magnetic field in the poloidal-radial blanket modules. Fig.13 shows out the distribution of induced eddy current mainly running in the chaotic direction in the poloidal-radial blanket modules at 40ms and the maximum of eddy current density is Compared with non-ferromagnetic cases in Section 3, the distribution of the eddy currents is almost the same. However, the magnitude of eddy currents is a little larger. The magnetization effect offers extra current density and strengthens the eddy current effect. Fig.15 presents the maximum EM forces of the poloidal-radial blanket modules under UPVDE40msLCQ. The EM forces of the upper blanket modules is greater than the forces of the other blanket modules. The largest EM force under the UPVDE40msLCQ event, which is 1409kN, and the maximum EM force of the typical blanket is 522kN. Fig.16 shows the magnitude of the EM force components along the coordinate axis at 40ms. The directions of the EM forces are mainly in the radial direction, showing that the Maxwell force is dominant and the negative value in the radial direction means that the Maxwell forces pull the blankets toward the plasma.
The table 2 presents the EM forces of the poloidal-radial blanket modules under the non-ferromagnetic condition and the ferromagnetic condition at 40ms. The value of EM forces is much larger due to the magnetization effect and the radial forces are significantly greater than the others due to the Maxwell force is mainly in the radial direction. 
CONCLUSION
The EM analysis of the HCSB blanket for CFETR under VDE event is presented in this paper. A FEM model where the plasma described by 69 filaments is developed. The magnetic field, induced eddy current and electromagnetic forces of the poloidal-radial blanket modules are investigated by using a FEM software called MAXWELL, and the ferromagnetic effect of RAFM steel is analyzed. From the EM analysis under UPVDE40msLCQ event, the main conclusions are summarized as following:
(a) The distribution of H in the poloidal-radial blanket modules under the non-ferromagnetic and ferromagnetic conditions is obtained, and the H increases by only 3.1% and 3.4% during the VDE event, respectively, indicating that the transient plasma has little effect on the magnetic field. Under the non-ferromagnetic and ferromagnetic conditions, the maximum values of B at 40ms are 8.83T and 10.66T respectively. Compared with the steady state values, it can be found that the ferromagnetic effects strengthens the magnetic field of the poloidal-radial blanket modules. .12 10  A/m 2 respectively and the directions of J under these two conditions are almost same. Therefore, the ferromagnetic effect strengthens the eddy current effects but does not affect the direction of the induced eddy current.
(c) The Lorentz forces and Maxwell forces of the poloidal-radial blanket modules under UPVDE40msLCQ event are computed. Under the ferromagnetic effect, the maximum EM force of the poloidal-radial blanket modules is 1409kN and the maximum EM force of the typical blanket is 522kN. The magnitude of Maxwell force caused by ferromagnetic effect is much larger than Lorentz force generated by induced eddy current and mainly along the radial direction. And the upper blanket modules suffers much higher EM forces than the others both under the non-ferromagnetic and ferromagnetic conditions.
The preliminary EM analysis of HCSB under UPVDE40msLCQ event is conducted by establishing a FEM model, which will be useful for the further assess the safety of HCSB. In the next step, the comprehensive analysis of EM, thermal and structural effects on HCSB under VDE event, while the halo current is taken into account, is expected to be explored in the future.
